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We demonstrate three-dimensional (3D) field-free alignment of the prototypical non-rotation-
symmetric molecule indole using elliptically polarized, shaped, off-resonant laser pulses. A truncated
laser pulse is produced using a combination of extreme linear chirping and controlled phase and
amplitude shaping using a spatial-light-modulator (SLM) based pulse shaper of a broadband laser
pulse. The angular confinement is detected through velocity-map imaging of H+ and C2+ fragments
resulting from strong-field ionization and Coulomb explosion of the aligned molecules by intense
femtosecond laser pulses. The achieved three-dimensional alignment is characterized by comparing
the result of ion-velocity-map measurements for different alignment directions and for different times
during and after the alignment laser pulse to accurate computational results. The achieved strong
three-dimensional field-free alignment of
〈
cos2 δ
〉
= 0.89 demonstrates the feasibility of both, strong
three-dimensional alignment of generic complex molecules and its quantitative characterization.
Laser-induced alignment of gas-phase molecules has
proven to be an efficient way to access the molecular
frame [1, 2]. It was extensively used in high-harmonic-
generation-spectroscopy [3, 4], strong-field-ionization [5–
7], x-ray-diffraction [8, 9] and electron-diffraction [10–14]
experiments, enabling the imaging of molecular structure
and dynamics directly in the molecular frame. Further-
more, it was crucial for retrieving the shapes of molecular
orbitals [15–17].
Such advanced imaging technologies are especially im-
portant for complex molecules, i. e., asymmetric tops
without any rotational symmetry, which is the case for
almost all molecules on earth. Thus it is of utmost im-
portance to develop laser alignment into a practical tool
for such molecules. This would, for instance, maximize
the information content of atomic-resolution imaging ex-
periments [18, 19], as already suggested for the coherent
diffractive x-ray imaging of biological macromolecules
more than fifteen years ago [20]. In order to minimize per-
turbations by external fields this should be achieved in a
laser-field-free environment. The associated problems are
twofold: The rotational dynamics of these non-rotation-
symmetric molecules are very complicated and incommen-
surate [21, 22]. Moreover, the standard approaches to
characterize the 3D degree of alignment, using ion imag-
ing of atomic fragments, mostly halogen atoms, recoiling
along a well-defined molecular axis, do not work.
One-dimensional alignment of linear and (near) sym-
metric top molecules has been demonstrated extensively
and really pushed to the limits [1, 2, 16, 23–26]. Further-
more, also the three-dimensional (3D) control of rotation-
symmetric molecules, typically during long laser pulses,
was demonstrated by multiple groups, making use of
highly polarizable halogen atoms for large polarizability
effects as well as their symmetric fragmentation dynam-
ics for characterization [16, 27–32]. This was extended
to the field-free 3D alignment of molecules in helium
nanodroplets [33] and to the alignment of one slightly
non-rotation-symmetric molecule 6-chloropyridazine-3-
carbonitrile using long laser pulses [21, 34].
Here, we demonstrate and characterize the strong laser-
field-free three-dimensional alignment of the prototypical
(bio)molecule indole (C8H7N, Figure 1 a), a good repre-
sentative of the general class of molecules without any
rotational symmetry and without any good leaving-group
fragments for standard characterization. We use a combi-
nation of a shaped, truncated, elliptically-polarized laser
pulse with a short kick pulse before truncation to in-
duce strong three-dimensional alignment. The degree of
alignment is characterized through strong-field multiple
ionization and subsequent velocity-map imaging (VMI) of
H+, C+, C2+, and CHxN+(x=0,1,2) fragments, combined
with computational results to disentangle the temporal
and angular dependence of the alignment. Our approach
shows that the molecular frame even of molecules without
rotational symmetry can be accessed.
The experimental setup was described elsewhere [35].
Briefly, molecules were cooled in a supersonic expansion
from a pulsed Even-Lavie valve [36], operated at a temper-
ature of 80 ◦C and at a repetition rate of 100 Hz. Around
1.4 mbar of indole was seeded in 95 bar of He, which was ex-
panded into vacuum. The lowest-energy rotational states
were selected using an electrostatic deflector [37, 38]. In-
side a VMI spectrometer, the strongly deflected molecules
were aligned using a shaped 250 ps long laser pulse with
a peak intensity of ∼ 1.25 · 1012 W/cm2. These pulses
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2were produced by a commercial laser system (Coherent
Legend Elite Duo) with a 1 kHz repetition rate and a
spectrum similar to a rounded saw tooth. The pulse was
strongly negatively chirped to a duration of ∼600 ps using
a grating based compressor [35] before further shaping.
The alignment laser pulses were elliptically polarized with
a 3 : 1 intensity ratio between major and minor axes.
The strongly chirped 9 mJ pulses were sent through a
zero dispersion 4f pulse shaper [39] with a spatial light
modulator (SLM, Jenoptik S640d) situated at the Fourier
plane in order to generate a truncated pulse with a fast fall-
off time. The most relevant part of the shaped temporal
intensity profile, around the cutoff, is shown in Figure 2 a.
The pulse consisted of a slow rise beginning at −250 ps
(not shown), followed by some amplitude modulation, a
short kick, and, finally, a fast truncation. The SLM was
specifically used for spectral phase modulation of the long-
wavelength side of the laser spectrum, i. e., components
longer than 815 nm. In addition, wavelengths longer than
∼816 nm were blocked by a razor blade, situated in front
of the SLM. This was necessary due to Nyquist-sampling
limits encountered. We note that the combination of
phase shaping and spectral truncation with the razor
blade improved the temporal fall-off time by a factor of
2.5 down to 3.3 ps, i. e., to within the noise level of the
measurement, which was below 1 % of the signal peak,
compared to simply cutting the spectrum [32].
The post-pulse observed at ∼13 ps is unwanted and
probably originates from imperfect phase compensation
from the SLM or space-time coupling in the pulse shaping
setup. However, the post pulse is irrelevant to the degree
of alignment within the first 10 ps after the temporal
truncation, which corresponds to the important temporal
region investigated in this experiment.
A second, time-delayed, laser pulse was used to multiply
ionize indole, resulting in Coulomb explosion. These
pulses were circularly polarized in order to avoid any
secondary dynamics induced by electron rescattering [40]
and any additional alignment induced by the probe laser
field itself.
Velocity-mapped fragments were detected on a mi-
crochannel plate (MCP) detector equipped with a phos-
phor screen. The voltage on the MCP was switched
between 2050 V (MCP “on”) and 1150 V (MCP “off”)
using a fast switch (Behlke HTS 31-03-GSM) with 100 ns
rise- and fall-times to select the different ion fragments
based on their time-of-flight (TOF). A camera (Optro-
nis CL600) recorded single-shot images of the phosphor
screen at 200 Hz. Images without pulses from the molec-
ular beam were subtracted from those with the molecular
beam to account for any signal from background molecules
in the interaction region. After selection of a suitable two-
dimensional (2D) radial range, the degree of alignment〈
cos2θ2D
〉
was computed.
The in-plane principal axes of inertia (a, b) and polar-
izability (zI , xI) are shown in the ball-and-stick represen-
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FIG. 1. (a) The structure of indole molecule with its principal
axes of inertia and polarizability, labeled by a, b, c and xI , yI , zI
(αyI < αxI < αzI ), respectively. (b) TOF mass spectrum of
indole. (c) 2D momentum distributions for H+, C2+ and
CHxN+(x=0,1,2) fragments at peak alignment at t = 3.3 ps,
with the major axis of the alignment laser polarization parallel
(first row, α = 0◦) or perpendicular (second row, α = 90◦)
to the detector plane. (d) Time-snapshots of 2D momentum
distributions of H+ fragments for the case of parallel laser
polarization.
tation of indole in Figure 1 a. Both axis frames lie in
the plane of the molecule with an angle of 2.75 ◦ between
them, whereas the c and yI axes are perpendicular to that
plane. Upon Coulomb explosion, several fragmentation
channels were detected. The resulting time-of-flight mass
spectrum is depicted in Figure 1 b.
Despite the low symmetry of indole, several frag-
ments showed anisotropic momentum distributions.
The ion-momentum distributions of H+, C2+ and
CHxN+(x=0,1,2) for a delay time of t = 3.3 ps, cor-
responding to the highest observed degree of alignment,
are shown in Figure 1 c for two orientations of the align-
ment laser, i. e., with the main polarization axis being
parallel, α = 0◦, or perpendicular, α = 90◦, to the plane
of the detector. t = 0 corresponds to the peak intensity
of the alignment laser field. Furthermore, ion-momentum
distributions of H+ for time delays of t = 0, 3.3, 7.3,
and 13.3 ps are shown in Figure 1 d. The strongest field-
free alignment was observed near t = 3.3 ps. At later
delay times, the dephasing of the rotational wavepacket
3leads to a decrease of the molecular alignment, as seen
in the momentum distributions recorded at time delays
of t = 7.3 ps and t = 13.3 ps. Momentum distributions
of other fragments displaying alignment are shown in the
Supplementary Information.
Indole does not contain unique markers, like halogen
atoms, which would allow us to easily experimentally ac-
cess the degree of alignment. Therefore, all ions with a
given mass to charge ratio, produced through multiple ion-
ization with subsequent Coulomb explosion, potentially
contributed to the measured 2D momentum distributions.
There are seven sites in the indole molecule from which
the H+ fragments originate and eight sites for the C2+
fragments, see Figure 1 a. Each molecular site will result
in different momentum and recoil axis of the ionic frag-
ment, and the total measured distribution is the sum of
all of them.
The delay-dependent measured 2D degree of alignment
is shown for a variety of fragments in Figure 2. Assum-
ing axial recoil, H+ fragments would have measurable
momentum components only within the ab plane of in-
dole [41]. Hence, the H+ fragments are a priori a good
measure of the planar alignment of indole in the labora-
tory frame. The slow rise of the alignment pulse confined
the plane of the indole molecules in a quasi-adiabatic fash-
ion [24, 35] to a measured maximum degree of alignment of〈
cos2θ2D
〉exp
H+ = 0.72. Following the kick at the end of the
alignment pulse, the degree of alignment increased slightly
to
〈
cos2θ2D
〉exp
H+ = 0.73 before monotonically decreasing
over ∼10 ps to 〈cos2θ2D〉expH+ = 0.62. The permanent
alignment of
〈
cos2θ2D
〉exp
H+ = 0.62 was slightly higher than
the value
〈
cos2θ2D
〉exp
H+ = 0.6 observed without alignment
laser; the latter is due to the geometric alignment from an
isotropic distribution. At a delay of 3.3 ps the intensity
of the alignment pulse decreased to 1 % of its maximum,
and the “field-free” region began. At this delay the de-
gree of alignment was
〈
cos2θ2D
〉exp
H+ = 0.73, which was
even larger than the alignment measured just before the
kick, confirming that the planar alignment in the field-free
region was even better than for an adiabatic alignment
pulse [42, 43]. All other fragments showed similar distri-
butions to the H+ fragment, with the measured maximum
degree of alignment being largest for the C2+ fragment.
The differences in the measured alignment between the
H+, C+, C2+ and CHxN+(x=0,1,2) fragments can be at-
tributed to non-axial recoil or to the geometry of Coulomb
explosion fragmentation, i. e., the velocity vectors of the
fragments in the molecular frame.
To determine the 3D alignment of indole, an additional
observable is required that characterizes the in-plane align-
ment, i. e., the alignment of the most polarizable axis of
indole zI with respect to the main polarization axis of
the alignment field. This information can be accessed by
measuring the angular distribution of the ionic fragments
within the indole plane. By rotating the polarization el-
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FIG. 2. (a) Temporal evolution of the alignment of indole.
The solid lines show the measured 2D degree of alignment〈
cos2θ2D
〉exp
X+
for different fragments X+ and the dashed lines
indicate values of the 2D degree of alignment obtained without
alignment laser. Statistical error bars, representing the stan-
dard error, are shown for selected delays. The grey area shows
the intensity profile of the alignment laser pulse. (b) The
alignment revival structure of H+ fragments for longer times is
shown in red. The dotted green line shows the fitted simulation
for the H+ fragment. (c) Simulated 3D degree of alignment,
characterized through the single-scalar metric
〈
cos2 δ
〉
, see
text/SI for details. Note the peak after truncation reaching〈
cos2 δ
〉
= 0.89 at t = 3.3 ps.
lipse of the alignment laser around the laser propagation
axis at a fixed delay time of 3.3 ps, the laboratory axes
to which the a and b axes of indole align, were commen-
surately rotated. In the laboratory frame, the transverse
momenta of ionic fragments recoiling within the plane of
indole will depend on the ellipse-rotation angle α, between
α = 0 for parallel and α = 90 ◦ for perpendicular orien-
tation, see Figure 1 c. By counting only those fragments
impinging at the center of the detector, within a small
radius of 20 pixel, the distribution of fragments within the
plane can be determined [44]. Note that the size of the
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FIG. 3. Measured masked-VMI ion count rates of H+ and
C2+ fragments as the major axis of the alignment laser’s
polarization ellipse is rotated; see text for details. Circles
(red and orange) indicate measured values, the dashed lines
(green and black) are simulations based on fitted atomic-ion
contributions, see text for details.
VMI images, as shown in Figure 1 c and Figure 1 d, was
480× 480 pixels. A full tomographic 3D distribution for
α = 0–180 ◦ (∆α = 2 ◦) was obtained from the measure-
ments of H+ momentum distributions, see Supplementary
Information. As no fragments were observed at low 3D
momenta, these signals at the center of the VMI can
be attributed to in-plane fragments recoiling along the
detector normal.
Angular scans of this “masked VMI” are shown in Fig-
ure 3 for H+ and C2+. For both fragments, we observed
a clear angle-dependent structure on top of a significant
isotropic background. C2+ ions show two smaller peaks
at α ≈ ±30 ◦ and a much stronger peak at α ≈ 90 ◦.
The H+ signal shows a peak at α ≈ 90 ◦, similar to C2+,
and a smaller peak at α ≈ 0 ◦. Note that at 90 ◦ the
alignment laser’s major polarization axis is pointing along
the detector normal. A direct extraction of the in-plane
degree of alignment from the experimentally obtained
in-plane angular distribution was not possible due to a
large isotropic background. Furthermore, the degree of
molecular alignment retrieved from the angular momen-
tum distributions of H+ and C2+ can be misrepresented
mainly due to two reasons – the many-body Coulomb
break-up of the multiply charged indole cation, with ionic
fragments violating the axial-recoil approximation, as
well as the indistinguishability of fragments emitted at
different molecular sites.
In order to extract the actual 3D degree of alignment,
we performed comprehensive variational simulations of
the rotational dynamics of indole in the presence of the
alignment field. We employed the general variational
approach RichMol [45, 46] to compute time-dependent
rotational probability density distributions for different
delay times. In order to incroporate the experimental
conditions and to achieve better agreement, we took into
account the non-thermal distribution of rotational states
in the deflected part of the molecular beam and laser
focal-volume averaging.
The total probability density distributions of C2+ and
H+ were modeled as the weighted sums of contributions
from the individual atoms. Based on chemical similar-
ity, see Figure 1 a, we used equal weights for pairs of
atoms H1 & H3, H4 & H7, H5 & H6, C3a & C7a, C4 &
C7, and C5 & C6. As the recoil axes we choose vectors
connecting carbon atoms to the center of mass of the
molecule for C2+ and vectors along molecular C–H and
N–H bonds for H+. To reproduce the experimental data
the simple axial recoil approximation yielded excellent
agreement for C2+, whereas for H+ we had to account
for non-axial recoil by convoluting the calculated prob-
ability density distributions of hydrogen atoms with a
Gaussian function of a solid angle representing angular
displacement from the recoil vector. The weights and the
FWHM parameter of this Gaussian function were deter-
mined in a least-squares fitting procedure to the measured
alignment revival trace and the angle-dependent masked
VMI data. The obtained parameters are specified in the
Supplementary Information. The results of the fit show
very good agreement with the experimental alignment
revivals in Figure 2 b and excellent agreement with the
integrated in-plane angle-dependent projections through
the 3D momentum distribution in Figure 3.
This excellent agreement confirms the correct repre-
sentation of the experiment by our quantum simulations.
The obtained planar alignment in terms of squared di-
rection cosines [47] at t = 3.3 ps is
〈
cos2 θY yI
〉
= 0.83
and
〈
cos2 θXxI
〉
= 0.85. These values are higher than
the measured values, which is due to non-axial recoil
of the H+ fragments and different recoil axes contribut-
ing to the measured ion-momentum distributions. The
computed in-plane degree of alignment at t = 3.3 ps is〈
cos2 θZzI
〉
= 0.88, which we also assign as the experimen-
tal value due to the excellent match of the angular distri-
butions in Figure 3. Simulated time-dependent alignment
revivals can be found in the Supplementary Information.
A single scalar metric describing the overall degree of 3D
alignment cos2 δ = 14 (1+cos
2 θZzI +cos
2 θY yI +cos
2 θXxI ),
is shown in Figure 2 c. A maximum degree of field-free
alignment of
〈
cos2 δ
〉
= 0.89 was obtained, which is com-
parable to or even larger than one can achieve for complex
asymmetric top molecules using adiabatic alignment tech-
niques [34, 48] and clearly sufficient for molecular-frame
coherent diffractive imaging [18, 19].
In summary, we demonstrated strong laser-field-free
3D alignment of the prototypical complex non-rotation-
symmetric molecule indole induced by shaped truncated
quasi-adiabatic laser pulses. Both, the amplitude and the
phase of a strongly-chirped broad-band alignment laser
pulse were tailored using an SLM, which allowed us to
produce very short truncation times, unachievable with
amplitude truncation alone. The combination of quasi-
adiabatic alignment with a kick pulse directly before the
5sudden truncation produced a higher degree of alignment
under field-free conditions than in the field. The already
achieved strong degree of alignment is limited by the
initially populated states in the molecular beam [49] and
could be further improved through even colder molecular
beams [37, 38].
We have developed and tested a new approach to char-
acterize molecular alignment in 3D by performing sep-
arate measurements of planar alignment and in-plane
tomography. Planar alignment was measured as the time-
dependent alignment trace of the H+ fragments. In-plane
alignment was extracted from the angular dependence of
H+ and C2+ fragment distributions at the center of the de-
tector, obtained by rotating the laser polarization ellipse
and thus the molecule in the plane perpendicular to the
detector. Robust variational simulations of the alignment
dynamics of indole, considering weighted contributions of
fragments emitted non-axially at different molecular sites,
reproduced the experiment with high accuracy.
This demonstration of strong field-free alignment for
an asymmetric top rotor without rotational symmetries
and without any good ionic fragments for the characteri-
zation of the alignment paves the way for strong field-free
alignment of any arbitrary molecule. This opens up new
prospects for probing native (bio)molecules in the molecu-
lar frame [19, 20, 50] without chemically attaching marker
atoms that influence the function and properties of the
molecule.
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Appendix
Fragments of indole showing alignment
In Figure 1, ion-momentum distributions for the H+,
C2+ and CHxN+(x=0,1,2) fragments were shown at a
delay time of t = 3.3 ps, corresponding to the time at
which the highest degree of field-free alignment was ob-
served. Further ion-momentum distributions for the same
conditions are shown in Figure 4, i. e., for the fragments
C+, C+2 , C3H
+
x , and C4H+x , where x depicts fragments
with different number of hydrogens whose masses could
not be resolved by the high-voltage gating of the detector.
a b c d
FIG. 4. VMI images of the fragments (a) C+, (b) C+2 , (c)
C3H+x , and (d) C4H+x . The top row shows images obtained for
the major alignment-laser-polarization axis vertical and paral-
lel to the detector surface whereas the bottom row shows corre-
sponding images with the minor alignment-laser-polarization
axis vertical and parallel to the detector surface; cf. Figure 1.
Images in the top row show the ion-momentum distribu-
tions with the major polarization axis of the alignment
laser being parallel and the minor polarization axis being
perpendicular to the detector plane (α = 0◦ in main pa-
per), whereas in the bottom row the major polarization
axis is perpendicular and the minor polarization axis is
parallel to the detector plane (α = 90◦ in main paper).
Tomographic reconstruction of H+ 3D momentum
distribution
In Figure 5 isosurfaces of the 3D momentum distribu-
tion of H+ obtained from a tomographic reconstruction
of the individual 2D projections measured at a delay time
of 3.3 ps are shown. The individual 2D projections were
utilized to extract the in-plane distributions in Figure 3.
In Figure 5 a the plane spanned by the a and b axes,
in Figure 5 b the plane spanned by the a and c axes, and
in Figure 5 c the plane spanned by the b and c axes are
shown.
Due to the presence of the 2 kV/cm dc field in the inter-
action point of the VMI spectrometer, minor orientation
effects were observed. For the CHxN+(x=0,1,2) fragment,
a degree of orientation 〈cosθ2D〉 ranging from −0.05 to
0.05 was measured when the laser polarization was ro-
tated by 90 ◦. The 2D ion-momentum distributions of H+
were thus symmetrized prior to the 3D reconstruction,
such that the 3D momentum distributions in Figure 5
represent the average over the four degenerate orienta-
tions of indole, which are related via rotations of 180 ◦
about the a and b axes.
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FIG. 5. Reconstructed isosurfaces from H+ ion-tomography
showing three different orientations of the molecule with a a-b
axes in plane b c-a axes in plane c c-b axes in plane. The
orientation of indole is indicated by the ball-and-stick model
of the indole molecule.
Computations
The field-free rotational motion of indole was mod-
elled using the rigid-rotor Hamiltonian with rotational
constants A = 3877.9 MHz, B = 1636.1 MHz, and
C = 1150.9 MHz [51, 52]. The electric polarizability
tensor for the equilibrium molecular geometry was com-
puted ab initio at the CCSD/aug-cc-pVTZ [53, 54] level
of theory in the frozen core approximation. Electronic
structure calculations employed the quantum chemistry
package Dalton [55].
Time-dependent quantum dynamics simulations used
the general purpose code for quantum mechanical mod-
elling of molecule-field interactions RichMol [45]. In the
simulations, the time-dependent wavefunction was built
from a superposition of field-free eigenstates and the time-
dependent coefficients were obtained by numerically solv-
ing the time-dependent Schrödinger equation. The latter
was solved using the iterative approximation based on
Krylov subspace methods, as implemented in the Expokit
computational library [56]. The elliptically polarized
alignment laser field was modelled by the function
E(t) = E0(t)
{
ex cos(ωt)/
√
3, ez sin(ωt)
}
, (1)
with the electric field amplitude E0(t) computed from
the measured experimental peak intensity. The carrier
frequency was fixed to ω = c/(2pi 800 nm). The time-
dependent wavefunction was expressed in the basis of
field-free rotational eigenstates of indole with all rota-
tional states with J ≤ 30 included. The time step used
for wavefunction propagation was fixed to 10 fs. Conver-
gence with respect to the size of the rotational basis set
and the time step were carefully verified. Since alignment
depends nonlinearly on the laser intensity, which is not
constant within the focal volume of the laser, integration
of all simulated observables over the interaction volume
is required. This has been approximated by repeating the
calculations for five individual laser amplitudes, obtained
by scaling the originally measured peak intensity I(t) with
factors 0.2, 0.4, 0.6, 0.8, and 1.0. The focal volume aver-
aging was carried out using the measured Gaussian beam
profiles with widths (FWHM) of σalign = 56.4 µm and
σprobe = 28.2 µm. Furthermore, an incoherent average
over the initial rotational state distribution, determined
from measured experimental deflection profiles, was car-
ried out.
In order to characterize the degree of alignment in
the experiment, we computed the rotational probability-
density distributions for all hydrogen and carbon atoms
in the molecule. The evaluation of the rotational-density
functions required the calculation of the Wigner rota-
tion matrices, which was carried out using a Fourier-
series based algorithm [57]. For different time delays,
two-dimensional projections of the rotational probability
density onto the Y Z laboratory plane were computed for
each atom individually, assuming axial recoil of the hydro-
gen ions along the C-H and N-H bond vectors, whereas
for C2+ the vectors connecting the center of mass with
each carbon atom were chosen as recoil axes. The 2D
projections yielded simulated momentum distributions
for all hydrogen atoms, from which the
〈
cos2θ2D
〉
was
extracted just the same as from the measured momentum
distributions. Furthermore, by rotating the simulated
rotational probability-density around the laboratory Y -
axis in steps of 1 ◦ and carrying out the 2D projection
for each rotation angle, the tomography measurements
were mimicked. The signal within a radius of 20 pixels
was integrated for each angle and for every hydrogen and
carbon atom, where both, the experimental and simulated
VMI images had a total image size of 480× 480 pixels.
Finally, for hydrogens, the weighted simulated align-
ment traces and the angle-dependent integrated probabil-
ity density from the center of the detector were simulta-
neously fitted to the experiment employing least-squares
fitting. The resulting time-dependent alignment-revival
fit and the angle-dependent integrated probability-density
fit are shown in Figure 2 b and Figure 3, respectively. For
carbon ions only the integrated probability density was
fitted to the experimental data, shown in Figure 3; the
corresponding experimental time-dependent alignment
trace was too noisy.
The fitting procedures yielded weights representing the
contributions of all individual hydrogen and carbon atoms
to the measured ion-momentum distributions. Due to
the structure of indole, hydrogen atoms that have al-
most similar angles with respect to the zI axis of indole,
e. g., H4 & H7, see Figure 1 a, result in revivals and
angle-dependent probability distributions that are indis-
tinguishable from each other in the experiment. The
total probabilities for these equivalent hydrogens were
thus summed and calculated to be P (H1+H3) ≈ 0.07,
P (H2) ≈ 0.21, P (H4+H7) ≈ 0.42, P (H5+H6) ≈ 0.30
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FIG. 6. Simulated degree of 3D alignment character-
ized through the expectation values (a)
〈
cos2 θZzI
〉
, (b)〈
cos2 θY yI
〉
, (c)
〈
cos2 θXxI
〉
and (d)
〈
cos2 δ
〉
with the carte-
sian principal axes of the polarizability tensor frame zI , yI , xI ,
the cartesian axes of the laboratory-fixed frame X,Y, Z and
cos2 δ = 1
4
(1+cos2 θZzI+cos
2 θY yI+cos
2 θXxI ), a single scalar
metric to characterize the 3D alignment [47].
with the squared difference between the experimental and
the simulated data χ2min ≈ 0.06.
For carbon the same procedure yielded P (C2) ≈ 0.07,
P (C3) ≈ 0.34, P (C3a+C7a) ≈ 0.41, P (C4+C7) ≈ 0.06
and P (C5+C6) ≈ 0.12 with χ2min ≈ 0.017.
The expectation values of the alignment cosines were
computed for the three main polarizability axes in the
principle-axis polarizability frame with respect to the
laboratory-fixed frame by employing Monte-Carlo integra-
tion, converged to better than 10−3 using ∼105 sampling
points. The simulated degree of alignment for the main
polarizability axes of the molecule αzI > αxI > αyI with
respect to the laboratory axes XY Z is shown in Figure 6.
The highest achieved 3D degree of alignment was thus
characterized to be
〈
cos2 θZzI
〉
= 0.88,
〈
cos2 θY yI
〉
=
0.83,
〈
cos2 θXxI
〉
= 0.85 and
〈
cos2 δ
〉
= 0.89, where
cos2 δ = 14 (1 + cos
2 θZzI + cos
2 θY yI + cos
2 θXxI ) [47].
Calculations of the theoretically expected alignment
pulse shape, taking into account SLM pixellation, SLM
pixel gaps, the laser beam diameter, and the spectral
spread at the Fourier plane, resulted in an expected laser
intensity at times between t = 4 ps and t = 10 ps to be a
factor of 70 lower than at the peak of the alignment pulse
at t = 0 ps.
Finally, we note that further rigid rotor calculations
for indole (not shown) indicate that a truncation time of
≤ 2 ps is required to obtain essentially identical dynamics
to having an instantaneous truncation. Therefore, phase
shaping using the SLM based shaper was highly advan-
tageous, or simply necessary, instead of the more simple
frequency filter used in [32], which would result in a 8 ps
fall-off in the best case.
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